c Ergothioneine (ERG) and mycothiol (MSH) are two low-molecular-weight thiols synthesized by mycobacteria. The role of MSH has been extensively investigated in mycobacteria; however, little is known about the role of ERG in mycobacterial physiology. In this study, quantification of ERG at various points in the growth cycle of Mycobacterium smegmatis revealed that a significant portion of ERG is found in the culture media, suggesting that it is actively secreted. A mutant of M. smegmatis lacking egtD (MSMEG_6247) was unable to synthesize ERG, confirming its role in ERG biosynthesis. Deletion of egtD from wild-type M. smegmatis and an MSH-deficient mutant did not affect their susceptibility to antibiotics tested in this study. The ERG-and MSH-deficient double mutant was significantly more sensitive to peroxide than either of the single mutants lacking either ERG or MSH, suggesting that both thiols play a role in protecting M. smegmatis against oxidative stress and that ERG is able to partly compensate for the loss of MSH. G lutathione (GSH) is a thiol known for its efficient detoxification of reactive oxygen species, reactive nitrogen species, and free radicals in eukaryotes. Mycobacteria do not synthesize GSH but produce two low-molecular-weight thiols,
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lutathione (GSH) is a thiol known for its efficient detoxification of reactive oxygen species, reactive nitrogen species, and free radicals in eukaryotes. Mycobacteria do not synthesize GSH but produce two low-molecular-weight thiols, namely, mycothiol {1-O- [2 (4, 5) . Four genes are involved in MSH biosynthesis in mycobacteria, namely, mshA, mshB, mshC, and mshD, and mutants harboring deletions in mshB, mshC, and mshD produce different levels of MSH due to the ability of other enzymes to partially compensate for their loss (6, 7) . MSH-deficient mutants of Mycobacterium smegmatis show increased sensitivity to oxidative stress, alkylating agents, and a range of antibiotics, including erythromycin, azithromycin, vancomycin, penicillin G, streptomycin, and rifampin, but exhibit increased resistance to isoniazid (INH) and ethionamide (ETH) (8, 9) . The MSH-deficient ⌬mshA mutant of Mycobacterium tuberculosis requires catalase during in vitro growth, implicating MSH in detoxifying reactive oxygen species (10) .
-(N-acetyl-L-cysteinyl)amido-2-deoxy-␣-d-glucopyranosyl]-d-myo-inositol} (MSH) (1-3) and ergothioneine (2-mercaptohistidine trimethylbetaine) (ERG)
ERG biosynthetic genes (egtA, egtB, egtC, egtD, and egtE) were recently identified in M. smegmatis (11) . Although several lines of evidence support the cytoprotective and antioxidative role of ERG in eukaryotes (12) , bacteria (13) , and, recently, fungi (14) , nothing is known of its role in mycobacteria. ERG has also been implicated in modulating the immune response (15) and in the inhibition of metalloenzymes, preventing the copper-induced oxidation of DNA and protein due to its metal-chelating properties (16, 17) . Eukaryotes obtain ERG from their diet, and its accumulation in cells is dependent on the activity of a highly specific transporter, OCTN1, since the zwitterionic nature of ERG prevents it from crossing the plasma membrane (18, 19) . In an M. smegmatis ⌬mshA mutant, which is MSH deficient, the levels of ERG and the organic hydroperoxide resistance (Ohr) protein are elevated, suggesting that ERG may partly compensate for the loss of MSH (20) . This may explain the lack of a phenotype for the ⌬mshA mutant of M. tuberculosis in mice (10) . The ERG biosynthetic genes egtA, egtB, egtC, egtD, and egtE are not predicted to be essential for the in vitro growth of laboratory M. tuberculosis strain H37Rv (21, 22) .
In this study, we investigate the role of ERG in M. smegmatis as well as its relationship to MSH in this organism. We confirm the function of egtD in ERG biosynthesis and demonstrate that a significant proportion of ERG synthesized by M. smegmatis is secreted. Furthermore, we show that ERG plays a role in protecting M. smegmatis against peroxides.
MATERIALS AND METHODS
Chemicals. Antibiotics, cumene hydroperoxide (CuOOH) (80%), Luperox tert-butyl hydroperoxide (TBHP) (70%), Coomassie brilliant blue (CBB), N,N,N=,N=-tetramethylethylenediamine (TEMED), sodium dodecyl sulfate (SDS), ammonium persulfate, Tris base, hydrogen chloride, 30% acrylamide-bisacrylamide, and ERG used in this study were obtained from Sigma-Aldrich. Isoniazid, ethambutol, and kanamycin were dissolved in sterile water, while rifampin was dissolved in dimethyl sulfoxide (DMSO). Working solutions of CuOOH and TBHP were prepared in DMSO and water, respectively. Stock solutions of CuOOH and TBHP were stored at 4°C and shielded from light for a maximum period of 3 months due to instability. The complete protease inhibitor cocktail was obtained from Roche, Mannheim, Germany.
Mycobacterial strains and culture conditions. The strains used in this study are indicated in Table S1 in the supplemental material. M. smegmatis was cultured in Difco Middlebrook 7H9 broth (Becton, Dickinson, USA) supplemented with 0.85% NaCl, 0.2% glucose, and 0.05% Tween 80 or on Luria-Bertani agar (Miller, Merck). Escherichia coli strains were cultured in liquid medium containing 1% NaCl, 0.5% Bacto yeast, and 1% Bacto tryptone (Merck) or on Luria-Bertani agar (Miller, Merck). Where appropriate, ampicillin (Ap), kanamycin (Kan), and hygromycin (Hyg) were used in E. coli solid cultures at 50, 50, and 100 g/ml, respectively, and Hyg or Kan was used in mycobacterial solid cultures at 75 and 50 g/ml, respectively, while half of these concentrations were used in liquid cultures.
Construction and complementation of mutant strains. An unmarked egtD (MSMEG_6247) deletion was generated by homologous recombination, as described previously (23) . Briefly, upstream (US) and downstream (DS) fragments flanking egtD were amplified from M. smegmatis mc 2 155 genomic DNA by using the primers listed in Table S2 in the supplemental material. The resulting fragments were cloned individually into the CloneJet vector (Fermentas) and subsequently used to construct the suicide plasmid p2NILegtD. The sacB-lacZ fragment from pGOAL17 or the sacB-hyg-lacZ fragment from pGOAL19 was cloned into the PacI site of p2NILegtD to generate p2NILegtD17 or p2NILegtD19, respectively (23) (see Table S1 in the supplemental material). p2NILegtD17 or p2NILegtD19 was electroporated into M. smegmatis mc 2 155 or ⌬mshA mutant cells, respectively (24) , and the egtD deletion was generated in each strain by two-step allelic exchange. A complementation vector was generated by amplifying the region from 2,398 bp upstream of egtD to 1,169 bp downstream of egtD (see Table S2 in the supplemental material) and cloning it into the integrating vector pMV306 (25) (see Table S1 in the supplemental material). The integrity of the allelic-exchange substrates and complementation vector was confirmed by sequencing, and the genotypes of the mutant strains were confirmed by Southern blotting.
Ergothioneine quantification and mycothiol detection. Intracellular ERG was extracted by using a previously described method, with modifications (26, 27) . Liquid M. smegmatis cultures were grown to the specified optical density at 600 nm (OD 600 ), harvested by centrifugation, and resuspended in lysis buffer (40% acetonitrile, 0.25 M perchloric acid). Cells were disrupted by sonication, and the lysate was clarified by centrifugation. The pH of the supernatant was adjusted to between 8 and 10 with potassium carbonate (Sigma-Aldrich) and lyophilized. The dried material was redissolved in a solution containing 25% acetonitrile and 0.05% formic acid and analyzed by ultraperformance liquid chromatography-electrospray ionization-tandem mass spectrometry (UPLC-ESI-MS/MS) (26, 28) . UPLC-ESI-MS/MS analysis was performed with a Waters Acquity UPLC system coupled to a Waters Xevo TQ MS system (Waters Corporation, Milford, MA, USA). Compounds were separated on a Waters Acquity BEH phenyl column (100 by 2.1 mm; 1.7 m) at 50°C using a 1% formic acid (in water) (solvent A)-acetonitrile (solvent B) gradient, starting with 100% solvent A for 1.5 min at a flow rate of 0.3 ml/min. The acetonitrile concentration was increased linearly to 2% over 2 min at a flow rate of 0.4 ml/min and then increased to 100% over 0.3 min at a flow rate of 0.5 ml/min and maintained for 0.2 min. The column was reequilibrated for 2 min (the total run time was 6 min). ERG was analyzed in the ESI-positive mode, and the multiple-reaction-monitoring (MRM) transition m/z 230.1 Ͼ 127.1 (cone voltage ϭ 18 V; collision energy ϭ 18 eV) was monitored. The source capillary was at 3.5 kV. The source and desolvation temperatures were 140°C and 400°C, respectively. The desolvation and cone gas flows were 600 and 50 liters/h, respectively. A standard curve was generated for ERG quantification. For quantification of extracellular ERG, the filtered supernatant of the mycobacterial culture was lyophilized and redissolved in a solution containing 25% acetonitrile and 0.05% formic acid and analyzed by UPLC-ESI-MS/MS, as described above. For each time point, the CFU/ml was determined by plating appropriate dilutions of the culture onto solid media. Intracellular and extracellular ERG was expressed as pg/10 5 CFU for each time point, and the results are representative of at least 3 experiments, expressed as means Ϯ standard deviations of the means. For MSH quantification, samples were treated with 0.02 M dithiothreitol (DTT) prior to analysis. Since no MSH standard is commercially available, we used liquid chromatography-electrospray ionization-high-resolution mass spectrometry (LC-ESI-HRMS) and the known exact m/z value for MSH ([M Ϫ H] Ϫ ) of 485.1441 to detect MSH in the cell lysate of wild-type M. smegmatis, as previously described (29) .
Mycobacterial membrane integrity assay. Mycobacterial cell membrane integrity was determined by flow cytometry using the Live/Dead Baclight bacterial viability and counting kit (Molecular Probes), as previously described (30) . Cells harvested at different growth stages were washed with 150 mM NaCl and stained with both SYTO-9 and propidium iodide (PI) to determine the percentage of the population in which the cell membrane was disrupted. Heat-treated mycobacteria (2 h at 80°C) were included as a control for the dead cell population (31, 32) .
Oxidative stress and drug susceptibility. The various M. smegmatis strains were cultured to an OD 600 of 1 and then exposed to either 0.6 mM CuOOH or 2 mM TBHP for 2 h. The survival after 2 h of exposure was evaluated by determining the CFU on solid media, and the results are representative of at least 3 experiments, expressed as means Ϯ standard errors of the means. Drug susceptibility was evaluated by the broth microdilution method, as previously described (33) . The results are representative of at least 3 repeatable experiments.
SDS-PAGE and mass spectrometry. Mycobacteria were grown on 7H11 agar plates for 9 days and scraped off the plates with Middlebrook 7H9 liquid medium. The suspension was centrifuged, and the pellet was resuspended in cold (4°C) lysis buffer (10 mM Tris-HCl, 0.1% Tween 80, and the complete protease inhibitor cocktail). Cells were homogenized in tubes containing 0.1-mm beads using a FastPrep-24 (Biospec Products Inc., Bartlesville, United Kingdom) 6 times for 20 s with 1-min intermittent cooling steps on ice (34) . Total protein was quantified by using the RCDC protein assay kit (Bio-Rad Laboratories, Hercules, CA), according to manufacturer's instructions. Five micrograms of total protein from each strain was treated with 2-mercaptoethanol and SDS and separated on an SDS-PAGE gel containing a 4% stacking gel (0.124 M Tris-HCl, 0.1% SDS, 0.05% ammonium persulfate, 0.09% TEMED, 4% acrylamide, 0.1% bisacrylamide) and a 15% separating gel (0.375 M Tris-HCl, 0.1% SDS, 15% acrylamide, 0.375% bisacrylamide, 0.05% ammonium persulfate, 0.581 M TEMED). The running buffer (pH ϳ8.3) contained 25 mM Tris, 192 mM glycine, and 0.1% SDS. Bands were visualized with the aid of CBB dye (2.5% CBB, 45% methanol, 10% acetic acid), and the identity of MSMEG_0447 (Ohr) was confirmed by mass spectrometry using the Thermo Scientific Easy-nLC II system connected to a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, Bremen, Germany).
RESULTS AND DISCUSSION

M. smegmatis secretes ergothioneine into the culture medium.
The investigation of extracellular ERG was prompted by a previous observation that ERG was detected in the buffer fluid surrounding resting-cell preparations of M. smegmatis (5) . ERG was 
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July 2013 Volume 57 Number 7 aac.asm.org 3203 detected both in the culture media and in the cell lysate of M. smegmatis at the three time points investigated (Table 1) . Furthermore, the percentage of extracellular ERG was significantly higher than the percentage of intracellular ERG at all three time points. In order to confirm that the ERG detected in the media was not due to leakage from cells with disrupted cell membranes, the membrane integrity of the cells within the population was determined by flow cytometry (Fig. 1) . Dual nucleic acid staining was performed by using the membrane-permeable dye SYTO-9 and the nonpermeable propidium iodide (PI), which is able to enter cells and displace SYTO-9 only when the membrane is damaged (35) . Cells were gated into three populations corresponding to their membrane integrity on the basis of PI and SYTO-9 intensities. Cells with the highest PI fluorescence and the lowest SYTO-9 fluorescence represent dead cells (DC) in the population, and heat treatment of M. smegmatis resulted in 99% of the cells gating into this subpopulation. The subpopulation with the lowest PI fluorescence and the highest SYTO-9 fluorescence represent living cells with intact membranes (LCIM), and this population was absent following heat treatment of M. smegmatis. A third, intermediate population was observed and is thought to represent cells in the population which were live cells with damaged membranes (LCDM), as described previously (30) (Fig. 1) . Analysis of M. smegmatis cells grown to OD 600 values of ϳ0.5, 1, and Ͼ2 revealed that approximately 92%, 87%, and 86% of the culture population was made of LCIM, respectively, while the minority was made of the population of LCDM and DC (Table 2) . To further confirm the membrane integrity of the cells within the population, the culture medium was assayed for MSH, which is not normally present extracellularly (36, 37) . MSH was analyzed by LC-ESI-HRMS in the cell lysate of wild-type M. smegmatis, as previously described (see Fig. S2A and S2B in the supplemental material) (29) . The identity of the ion was verified by its absence in the ⌬mshA mutant, which is MSH deficient (see Fig. S2D in the supplemental ) was used to analyze the population distribution of mycobacteria, which is represented by a pseudocolor plot. Using automatic and manual gating options, we could count the number of events per population and therefore estimate the representative percentage of each population. When the untreated (UT) sample was stained with SYTO-9 and propidium iodide (PI), the analyses indicated that 92% of the population was LCIM, while 3.7% was LCDM and 4.5% was DC. In the heat-treated (HT) sample, 99% of the population was indicated to be dead, while 0.5% was LCDM and 0.2% was LCIM. When equal amounts of the heat-treated and untreated cells were mixed, 67% of the population was indicated to be dead, while 27% was LCIM and 3.7% was LCDM. This shows that this technique was sensitive enough to detect cells with damaged membranes even in a population mixture, implying consistency of the results showing that in an actively growing wild-type M. smegmatis culture at an OD 600 of ϳ0.5, the membrane integrity of ϳ92% of the cells is still intact. DC, dead cells; CD/BN, cellular debris and background noise; HTϩUT, mixture of an equal ratio of the untreated and heat-treated samples. Fig. S2C in the supplemental material), supporting the flow cytometry data. Therefore, while a small percentage of ERG present in the media may originate from cells with disrupted membranes, the observation that the largest proportion of ERG (ϳ81% at OD 600 values of 0.5 and 1) is found in the media while the majority of cells display an intact membrane (ϳ90% at OD 600 values of 0.5 and 1) implies that ERG is secreted by M. smegmatis. Preliminary data for ERG quantification in M. tuberculosis (H37Rv) suggest a similar trend in slow-growing mycobacteria (see Table S3 in the supplemental material) but require further validation. ERG exists as a thione in solution at neutral pH, and as a result, it is relatively resistant to oxidation (38) . It is therefore better suited to function extracellularly than MSH, since it does not require an enzyme to maintain it in the reduced form (39) . While MSH is not detected extracellularly, a previous study utilizing MSH-deficient mutants demonstrated that M. smegmatis is able to actively transport MSH into cells (36) , and MSMEG_1642 was proposed as a possible MSH transporter. Since ERG is unable to diffuse across membranes (18, 40) , an ERG transporter would also be required in M. smegmatis. In humans, the OCTN1 transporter is required for ERG transport into cells and involves cotransport of Na ϩ (18) . This leads us to speculate that the ERG transporter in mycobacteria may be a member of the monovalent cation:proton antiporter family or the H ϩ /Na ϩ -translocating F-type, V-type, and A-type ATPase superfamily, which both utilize Na ϩ as a substrate (41) . Since ERG has anti-inflammatory properties (15) , the secretion of this molecule by M. tuberculosis may play a role in modulating the immune response by the host during infection and therefore warrants further investigation.
A previous study found that ERG levels were elevated in MSHdeficient mutants of M. smegmatis, suggesting that ERG potentially compensates for the loss of MSH in this organism (20) . Our analysis revealed a similar trend, with a 2-to 5-fold increase in intracellular and extracellular ERG levels observed for the M. smegmatis ⌬mshA mutant (Table 1 ), which appears to be lower than what was previously reported, but this may be due to the different methods used for thiol quantification. The previous study utilized a method based on high-performance liquid chromatography (HPLC) separation and fluorescent detection of thiols conjugated to monobromobimane (mBBr) (42, 43) , whereas we utilized UPLC-ESI-MS/MS to quantify ERG.
egtD is dispensable for in vitro growth but is required for ergothioneine biosynthesis in M. smegmatis. The recent annotation of the ERG biosynthetic genes in mycobacteria (11) allowed us to investigate the role of ERG in mycobacterial physiology by generating an ERG-deficient mutant of M. smegmatis using allelic-exchange mutagenesis. An unmarked deletion of egtD, the first gene in ERG biosynthesis, was generated in mc 2 155 and the ⌬mshA mutant and confirmed by Southern blotting (see Fig. S1 in the supplemental material). Loss of ERG biosynthesis in the ⌬egtD single mutant and the ⌬mshA ⌬egtD double mutant and restoration of ERG biosynthesis in the complemented strains were confirmed by UPLC-ESI-MS/MS (Table 3) . No growth defect was associated with deletion of egtD in the wild-type strain (data not shown), and the extended lag phase (9) and sensitivity to the inoculum size (20) observed previously for the ⌬mshA mutant were not exacerbated by the loss of ERG in this mutant. Since the ERG level in the ⌬mshA mutant is elevated relative to the level in the wild-type strain, we compared the levels of MSH in the ERG-deficient single mutant and the wild type via LC-ESI-HRMS. Relative comparison of the MSH peak areas revealed no significant difference in the MSH levels between the two strains (see Table S4 and Fig. S3 in the supplemental material) . Therefore, while the ERG level was elevated in the MSH-deficient mutant, the MSH level was unchanged in the ERG-deficient mutant. This implies that the wild-type MSH level may be adequate to compensate for the loss of intracellular ERG or that compensation occurs by another mechanism.
Ergothioneine deficiency does not alter M. smegmatis susceptibility to tested antibiotics. The altered susceptibility of MSHdeficient mycobacterial mutants to antibiotics prompted us to explore the susceptibility of ERG-deficient strains to antibiotics. The susceptibilities of the ⌬egtD mutant and the ⌬mshA ⌬egtD mutant to isoniazid, ethambutol, and kanamycin did not differ significantly from those of their respective parental strains (Table 4) , demonstrating that ERG does not play a role in protecting M. smegmatis against these compounds. Table S1 in the supplemental material); ⌬mshA ⌬egtD c , complemented ⌬mshA ⌬egtD mutant (⌬mshA ⌬egtD:: pMV306D; see Table S1 in the supplemental material). 
FIG 2
Survival responses of M. smegmatis strains to oxidative stress generated by TBHP (left) and CuOOH (right). Mycobacteria were grown to the exponential phase and exposed to oxidative stress generated by either 2 mM TBHP or 0.6 mM CuOOH. The data were analyzed by using GraphPad Prism version 5.01 and are represented as means with standard errors of the means. Two-way analysis of variance followed by a Bonferroni test was performed. The double mutant (⌬mshA ⌬egtD) was more sensitive to oxidative stress than any other strain used in this study; it was significantly (P Ͻ 0.01) sensitive to oxidative stress generated by CuOOH (right) relative to the wild type and the ⌬egtD mutant.
